A new homothallic Phytophthora species, isolated in Western Australia (WA), is described as Phytophthora boodjera sp. nov. It produces persistent, papillate sporangia, oogonia with thick-walled oospores, and paragynous antheridia. Although morphologically similar to P. arenaria, phylogenetic analyses of the ITS, cox1, HSP90, -tubulin and enolase gene regions revealed P. boodjera as a new species. In addition, P. boodjera has a higher optimal temperature for growth and a faster growth rate. Phytophthora boodjera has only recently been found in Western Australia and has mostly been isolated from dead and dying Eucalyptus seedlings in nurseries and from urban tree plantings, and occasionally from disturbed natural ecosystems. It is found in association with declining and dying , Banksia media, B. grandis, Corymbia calophylla, Eucalyptus spp,. and Xanthorrhoea preissii. The status of P. alticola was also reviewed. The loss of all isolates associated with the original description except one; discrepancies in both sequence data and morphology of the remaining isolate with that presented the original description, and inconclusive holotype material places the status of this species in doubt.
INTRODUCTION
Numerous Phytophthora species have been associated with damping-off and seedling diseases in plant production nurseries worldwide (Hardy & Sivasithamparam 1988 , Davison et al et al. 2008 , Moralejo et al. 2009 , Goss et al. 2011 , Lilja et al. 2011 , Leonberger et al. 2013 , Pérez-Sierra & Jung 2013 , Prospero et al. 2013 , Schoebel et al. 2014 . Phytophthora species are dispersed via the roots of infected plants, soil from potted plants, growth media and water, and in some cases by aerial transmission. Transfer of plants and plant products by human activity and through globalisation in trading is now generally accepted as the main method of introduction of exotic pathogens and pests. The most high-risk pathway for the movement of Phytophthora is "plants for plantings" (Brasier 2008 , Liebhold et al. 2012 , Scott et al. 2013 . Plants infected at production nurseries can potentially distribute Phytophthora species to parks and reserves, amenity plantings, plantations, rehabilitation and gardens. Many Phytophthora species, such as P. nicotianae, P. plurivora (often reported as P. citricola), P. cactorum and P. citrophthora, tend to be the most commonly recovered from nurseries worldwide, strongly supporting their dissemination through the nursery trade. Because of the level of attention that has been given to this important topic, it is now rare for a new species to be detected in nurseries (Moralejo et al. 2009 ). Nevertheless the number of reports of Phytophthora species damaging to nursery trees, forests and natural for international plant biosecurity and plant health practice (Kroon et al. 2012) .
is Phytophthora ramorum , Parke & Grünwald 2012 . Phytophthora ramorum infecting Viburnum and Rhododendron in plant nurseries in Germany and The Netherlands in 1993 (Werres et al. 2001) , and has subsequently been found in various nurseries all over Europe and North America. It has been recognized as an alien aggressive species in natural areas of the west coast of the USA where it causes sudden oak death, and in Cornwall in the UK (Rizzo et al. 2002 , Brasier et al. 2004 . Spread through the international nursery trade, P. ramorum poses a serious risk to plant biosecurity worldwide (Brasier 2008 , Parke & Lucas 2008 , Parke & Grünwald 2012 .
In recent years, many new Phytophthora species have been described from natural ecosystems in Western Australia (WA) , Scott et al. 2009 , Rea et al. 2010 , Jung et al. 2011a , b, Rea et al. 2011 , Aghighi et al. 2012 , Crous et al. 2012 , Hüberli et al. 2013 . In 2011, a new damping-off disease was reported in WA nurseries growing Eucalyptus and other species for doi:10.5598/imafungus.2015.06.02.04 IMA FUNGUS · 6(2): 319-335 (2015) Phytophthora boodjera sp. nov., a damping-off pathogen in production nurseries and from urban and natural landscapes, with an update on the status of P. alticola ARTICLE 320 I M A F U N G U S restoration of agricultural land. ITS sequence data of the isolates did not match any known species, but were closely related to P. alticola and P. arenaria and were an exact match for a single WA isolate designated as "P. taxon arenaria-like" by Rea et al. (2011) . Phytophthora arenaria has been isolated primarily from Kwongan vegetation and mainly from Banksia species on the northern sandplains in south-west WA (Rea et al. 2011) . Phytophthora alticola Maseko et al. 2007 from cold-tolerant Eucalyptus species (E. dunnii, E. bajensis, and E. macarthurii) with collar and root rot in South African plantations at an altitude above 1150 m. The new taxon has been isolated in WA from dead and dying Eucalyptus seedlings in nurseries and from adult plants in the urban landscape, predominantly from eucalypts, and occasionally from Banksia species and Corymbia calophylla in natural ecosystems.
Further investigation of isolates thought to be P. arenaria in the Vegetation Health Service (VHS) collection of the WA Department of Parks and Wildlife ) and other recent collections from urban surveys (Barber et al. were of P. arenaria, while the second appeared to be a new species related to P. alticola (Maseko et al. 2007 ). In the current study, the P. alticola/P. arenaria species complex was re-evaluated using a combination of morphology and a multigene phylogeny resulting in the recognition of a new species, described here as P. boodjera sp. nov., and an investigation into the status of P. alticola.
MATERIALS AND METHODS

Isolates
The majority of isolates used were obtained from the Vegetation Health Service (VHS) Collection, Department of Parks and Wildlife, Perth, Western Australia. All isolates were baited from soil and root material using Eucalyptus sieberi cotyledons. The isolates were maintained in 90 mm Petri 0.1 g CaCO3, 0.9 L distilled water) and on 5 mm V8A discs stored in 20 mL sterile water in McCartney bottles at room temperature. The ex-type isolates of P. alticola were obtained from CBS (CBS-KNAW Fungal Biodiversity Centre, Utrecht). Sequence data from related species were obtained from GenBank (www.ncbi.nlm.nih.gov/genbank) the Phytophthora Database (PD; www.phytophthoradb.org), and q-bank (www.q-bank.eu). When all isolates in the CMW collection (Forestry and Agriculture Biotechnology Institute, University of Pretoria, SA) were evaluated and it was found that all isolates of P. alticola except CMW 19425 had perished, that isolate was re-numbered CMW 34279. All isolates used in this study are detailed in Table 1 , and the status of all P. alticola isolates is given in Table 2. The Phytophthora isolates were cultured on half-strength potato dextrose agar (PDA) (Becton Dickinson, Sparks, MD), 19.5 g PDA, 7.5 g agar and 1 L of distilled water) at 20 o C for 2 wk. Mycelium was collected by scraping from the agar surface with a sterile blade and placing in a 1.5 mL sterile Eppendorf® tube. It was frozen in liquid nitrogen and crushed the method of Andjic et al. (2007) . In all cases, the PCR reaction mixtures were as described previously (Andjic et al. 2007 ) but using the PCR conditions described in the original papers (cited below). The region spanning the internal transcribed spacer (ITS1-5.8S-ITS2) region of the ribosomal et al. 2000) and ITS-4 (White et al. 1990 ). The mitochondrial gene Martin & Tooley 2003 with HSP90-F int and HSP90-R1 primers (Blair et al. 2008) .
Enl R1 according to Kroon et al. (2004) .
All gene regions were sequenced in both directions with and sequencing were accomplished as described previously (Sakalidis et al. 2011) . All sequences derived in this study were added to GenBank, and the accession numbers are provided in Table 1 .
Phylogenetic analysis
The data set consisted of sequences of Phyophthora boodjera sp. nov., P. alticola and P. arenaria isolates used in this study, and other closely related species in ITS clade 4 (Table 1) which were compiled and manually edited in Geneious v. R7 (http://www.geneious.com/) and Bayesian analysis conducted using a MrBayes (Ronquist et al. 2012) plugin within Geneious after determining the most appropriate substitution model with jModelTest-2.1.4 (Darriba et al. 2012) .
www.treebase.org/).
Culture characteristics
Circular inoculum plugs (5 mm diam) were taken from the margin of 7 d-old cultures on V8A and placed in the centre of 90 mm Petri dishes of the test media. Morphology of hyphal grown at 20 o C in the dark on V8A, malt extract agar (MEA), L distilled water) and half-strength PDA (all from BBL, Becton Dickinson, Sparks, MD). Colony morphology was described according to Erwin & Ribeiro (1996) . For temperature growth studies, all isolates were subcultured onto V8A plates and incubated for 24 h at 20 o C for growth stimulation. The plates 32.5, 35 and 37.5 o C. Plates were observed daily to ensure that the colonies did not reach the edge of the Petri dish; the radial growth rate was measured after 4-7 d, along two lines crossing the middle of the inoculum plug at right angles, and the mean growth rates (mm per day) were assessed. After 7 d, plates with no colony growth at 35 o C and 37.5 o C were returned to 20 o C for 7 d to check the isolate viability.
Morphology
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colonies on V8A in 90 mm Petri dishes, with sterile water at 18-25 o C with their surfaces submerged, in natural daylight. This water was decanted and replaced twice (after 4 and 6 also added and the Petri dishes were incubated overnight. The soil extract was made by suspending 100 g of pine (Pinus radiata) bark potting mixture in 1 L distilled water and incubating this on an orbital shaker for 24 h at 20 o C soil particles. After 18-36 h, dimensions and characteristic features of 50 mature sporangia of each isolate, selected at random, were ascertained at 400x in a BX51 Olympus microscope. Gametangia were produced by all isolates on V8A in the dark at 20 o C after 7 d. After 14 d, dimensions and characteristic features of 50 randomly-selected mature oogonia, oospores and antheridia were measured at 400x. The oospore wall index was calculated as the ratio between the volume of the oospore wall and the volume of the whole oospore (Dick 1990) .
The preserved type materials of P. alticola available from the National Mycological Herbarium in Pretoria (PREM 59214, PREM 59215, PREM 59216, PREM 59217) were re-examined. The slides were rehydrated with 85 % lactic acid and observed with a Zeiss Axioskop 2 Plus compound were measured using Axiovision v. 4.8 software.
RESULTS
Phylogenetic analysis
CMW 19417 was designated as the type isolate of Phytophora alticola by Maseko et al. (2007) , but no sequence data were provided for this isolate. A subsequent sequence of this same isolate, CBS 121937 available on q-bank, actually corresponds to P. palmivora (Fig. 1) . CMW 19424 and CMW 19425 were originally designated as paratypes and ITS sequence data were provided for these isolates. All of these isolates were subsequently lost except CMW 19425 (= CBS 121939 = CMW 34279 = P19861). ITS sequence data for isolates presented with the original description, including CMW 19425 (DQ988196), differ by 3 bp from all recent sequences of CMW 34279, CBS 121939 and P19861 ( Fig. 1 ). However, when resequenced CMW 19424 (= CBS 121938) was found to actually be an isolate of P. frigida ( Fig  1) . Based on ITS sequence data, the WA isolates investigated in this study cluster with either isolate CMW 34279 or with P. arenaria (Fig. 1 ).
BT sequences data was also provided in the original description (Maseko et al. 2007 ): all isolates assigned to P. alticola were identical, but differ by 2 bp from the new sequence of isolate CMW 34279 and by 4 bp from P. boodjera . The I sequence of isolate CMW 34279 from three separate databases is identical and clusters separately from isolates assigned to P. boodjera sp. nov. from the authors). Isolates of P. arenaria cluster together, concatenated dataset (Fig. 2) , isolate CMW 34279 clusters with isolates of P. boodjera sp. nov., although it differs by 8 duplicated it forms a strongly supported cluster on its own (data not shown). Isolates of P. arenaria also reside in a observed (Fig. 2 ).
Status of Phytophthora alticola
In 2008, the World Phytophthora Collection (WPC; http:// phytophthora.ucr.edu/default.html) was sent four isolates from the CMW collection, two isolates each of P. alticola and P. frigida. When the WPC sequenced them, they realised the identities were incorrect and informed the CMW collection ( Table 2 ). Isolates of P. alticola and P. frigida were then checked in the CMW collection and it was discovered that all isolates of P. alticola CMW19425 which was cleaned and renumbered CMW34279. This isolate was then sent to WPC where it was given the code P19861. Also in 2007, three isolates were sent to CBS; of these, the ex-holotype isolate CBS 121937 (= CMW 19417) is actually P. palmivora (the sequence associated with this isolate is available from q-bank), the ex-paratype isolate CBS 121938 (= CMW 19424) was not re-sequenced but is now determined as of P. frigida, leaving the same single isolate CBS 121939 (= CMW 34279) ( Table 2) .
At the start of this project, it was known that the exholotype isolate of P. alticola had perished, as indeed had all other isolates except an ex-paratype isolate CMW 19425 (= CMW 35429, = CBS 121939, = P19861). The ITS sequence of this isolate from all collections is identical, although there are a few bp different from the ITS sequence of the same isolate in the original description (Fig. 1) . The sequence in the original description is short and the differences are at the end of the sequence and could have been erroneously labelled. Controversially, sequence data of other isolates in various collections designated as P. alticola match different species (Table 2) . be possible with the intention to designate CMW 34279 as the epitype. However, morphological examination of this isolate revealed that it differed from the original description: the sporangia are not caducous and chlamydospores are not produced (Table 3) . Subsequent examination of the holotype and paratypes from PREM were inconclusive (Table 3) . Each of the PREM types consisted of a semidried agar disc kept at 4 C and a microscopic slide. The agar disks were all contaminated with bacteria and a dark hyphomycete, most of the mycelia had lysed, but a few aborted oospores were observed in PREM 59216 (= CMW 19424) and PREM 59217 (= CMW 19425). Some reproductive structures were present on the slides. Sporangia and chlamydospores were present for PREM 59214 (= CMW 19416) and PREM 59215 (= CMW 19417). The sporangia were predominantly ovoid, caducous and papillate, and produced in close sympodia (Table 3, Fig.  3 ). The dimensions of these sporangia match the original description of P. alticola (Maseko et al. 2007 ). However, in the original description the sporangia were described as borne on terminal or branched sporangiophores, while the slide associated with the holotype had sporangia borne in close sympodia. These sporangia and their branching patterns resemble more those produced by P. palmivora rather than those of living isolate CMW 34279 ( Both P. frigida and P. alticola were described as having aplerotic oospores with amphigynous antheridia (Table  3) , therefore the slides associated with the paratypes are inconclusive.
In the original description (Maseko et al. 2007) , no sequence data were provided for PREM 59214 (= CMW 19416) and PREM 59215 (= CMW 19417). When the exholotype isolate was submitted to CBS and sequenced for q-bank (CBS 121937) it was found to be an isolate of P. palmivora (Fig. 1, Table 2 ). Caducous, papillate sporangia and chlamydospores matching P. palmivora were observed in PREM 59214 (= CMW 19416) and PREM 59215 (= CMW 19417) ( Fig. 3) . When the ex-paratype isolate CMW 19424 was submitted to CBS it was found to be P. frigida, as were several isolates labelled as P. alticola that were sent to WPC (Fig. 1, Table 2 ). Phytophthora frigida also has aplerotic oogonia with amphigynous antheridia, as observed for PREM 59216 (= CMW 19424) and PREM 59217 (= CMW 19425). Thus, we believe that while in the original description of P. alticola the sequence data provided was identical for all isolates, the actual morphological description is based on a set of isolates from more than one species; these are most probably P. palmivora, P. frigida, and a species represented by isolate CMW 34279. As there are no other living isolates linked to the original description available for examination and as no more isolates have been recovered in South Africa, despite extensive sampling, it is not possible to amend the description of P. alticola or to designate PREM 59217 (= CMW 19425, = CMW 35429) as an epitype. At this point in time the application of the name P. alticola is in doubt and will remain so until more isolates from similar hosts or locations can be made and this taxon will be referred to hereafter as P. alticola nom. dub.
Compared with the description of P. alticola nom. dub., CMW 34279 has a higher optimum temperature for growth, faster growth rate, persistent sporangia, no chlamydospores and paragynous antheridia, and is very similar in morphology to isolates from Australia described here as P. boodjera. Description (species): Sporangia papillate, persistent, abundantly produced in soil extract water on simple sporangiophores frequently with globose swellings close to the sporangial base (Fig. 4f ). Although predominantly ovoid (64 %, Fig. 4a-g) , various sporangial shapes were observed including limoniform (20 %, Fig. 4d right, 4h ), peanut-shaped (10 %) and distorted shapes (6 %, Fig. 4i, j) . Bipapillate (Fig. 4i ) sporangia were also occasionally observed. Sporangiophores often laterally attached to sporangia (Fig. 4c, k) , and sometimes constricted (Fig. 4e) ; branched sporangiophores rare (Fig. 4d ). Sporangia from 12 isolates averaged 39.2 4.4 x 29.7 3.4 μm (range 32.5-44.5 x 24.5-33.5 μm), exit pores narrow, 6 1 μm, length:breadth ratio 1.27 0.16 (Table 3) . Chlamydospores absent.
Homothallic, readily producing oogonia (and sporangia) in single culture on CA and V8A. Oospores matured within 14 (Table 3) . Oospores aplerotic in all isolates, containing ooplasts when semi-mature to mature (Fig. 4s-v) . Oospores averaged 25.5 1.9 μm diam with isolate means ranging from 21.3 to 29.5 μm (Table 3) . Oospore walls thick (2.5 0.33 μm) ( Fig. 4s-v) , (Table 3) . Antheridia paragynous (Fig. 4r-v) , averaging 10.4 1.9 x 8.3 1.5 μm. Hyphal swellings catenulate, some with radiating hyphae, formed rarely in non-sterile soil extract water.
Cultures: All isolates produced colonies that were appressed with no distinctive growth pattern and regular smooth margins on CA, V8A, MEA, and PDA (Fig. 5 ). Growth on MEA was sparser than on the other media. Optimum temperature for the growth on V8A 25-30 C, where the average growth rate was 9.18 ± 0.56 mm/d (Fig. 6) . The maximum temperature for growth was 35 C (Table 3) . Although no growth occurred at 37.5 o C, this temperature was not lethal since isolates resumed growth when subsequently incubated at 20 o C. Table 3 . Comparison of morphological characters and dimensions, and temperature-growth relations of Phytophthora palmivora, P. frigida, P. alticola Notes: Phytophthora boodjera is morphologically very similar to isolate CMW 34279 linked to P. alticola nom. dub.; all measurements overlap, although CMW 34279 produces on average smaller sporangia, oogonia and oospores (Table 3) . Colony morphologies on malt extract agar also differ (Fig. 5) , and P. boodjera has a higher optimal temperature for growth and grows faster at higher temperatures (Fig. 6 ). Isolates of P. boodjera nucleotide polymorphism (SNP) in the ENO gene region, two in the cox1 gene region. Phytophthora boodjera is closely related to P. arenaria. Morphologically, these species are very similar producing abundant thick walled oospores and sporangia of similar shapes and sizes (Table 3) . The most marked differences between these species are: (1) 37.5 o C is lethal to P. arenaria but not to P. boodjera; (2) sporangia as well as oogonia and oospores are smaller in P. arenaria; and (3) 34 % of sporangia of P. arenaria are globose to subglobose while this shape is rare in P. boodjera (Table 3) .
DISCUSSION
Phytophthora isolates from plant production nurseries in P. alticola nom. dub. based on ITS sequence data. These isolates were compared to the single remaining isolate of P. alticola nom. dub. from the original description (Maseko et al. 2007 ). Based on morphology and molecular data from four nuclear and one mitochondrial gene region, the isolates from WA were recognized as a new species and described as P. boodjera. Phytophthora boodjera has emerged as a pathogen in some WA plant production nurseries and is now regularly recovered also from urban environments. However, it has been recovered infrequently (VHS 16282 from Ravensthorpe, VHS 28352 from Gingin, and TP 13.39 from Northam) from natural ecosystems in WA, despite widespread sampling in the region , Rea et al. 2011 .
Phytophthora alticola nom. dub. was originally described from Eucalyptus plantations in South Africa and has never been recovered from sampling within natural ecosystems in that region (Nagel et al. 2013 , Oh et al. 2013 . This suggests that P. alticola has been introduced into South Africa. Morphological studies of the remaining isolate CMW 34279 revealed three major discrepancies with the original P. alticola nom. dub. was described as having caducous sporangia, and secondly, as producing chlamydospores; however, the remaining isolate CMW 34279 has persistent sporangia and produced no chlamydospores. Thirdly, P. alticola nom. dub. was described as producing mainly amphigynous and some paragynous antheridia; however, in the remaining isolate CMW 34279, only paragynous antheridia were observed. Although the ex-holotype isolate CMW 19417 has been lost, re-examination of the holotype PREM 59215 revealed sporangia and chlamydospores matching the original description of P. alticola nom. dub. except that they were produced in close sympodia rather than simple or branched sympodia (Maseko et al. 2007) . CMW 19417 was submitted to CBS and the sequence of this isolate reveals that it is P. palmivora. The dimensions and characteristics of sporangia and chlamydospores observed in the holotype match those of P. palmivora.
Discrepancies in sequence data were found between the original description of P. alticola nom. dub. and the remaining ex-paratype isolate CMW 19425 (= CMW 34279). Unfortunately only oospores can be observed on the paratype PREM 59217 (= CMW 19425), but even these differ from the original description in that all antheridia are amphigynous in the holotype material, but they are all paragynous for CMW 34279. Thus, after examining the holotype and paratype material and resequencing isolates submitted to CBS, we have concluded that the original description was based on a mix of species and, as no further isolates similar to CMW 34279 have been recovered in South Africa despite extensive sampling (Oh et al. 2013) , the status of P. alticola is in doubt.
Phytophthora arenaria (Rea et al. 2011) , the species most closely related to P. boodjera in Western Australia, has been recovered exclusively from natural Kwongan vegetation on the coastal sand plains of south-west WA, where it was mainly isolated from dead and dying Banksia species and from the rhizosphere soil associated with such plants. This species appears to be restricted to the Kwongan vegetation and to be adapted to this ecosystem, suggesting that P. arenaria is native to WA. Phytophthora boodjera has only recently been found in WA and has mostly been isolated from dead and dying eucalypt seedlings in plant production nurseries and from declining trees (predominantly Myrtaceae) in disturbed urban landscapes, and once from Xanthorrhoea preissii. It has been isolated from natural ecosystems on only three occasions (from Banksia media, B. grandis, and Corymbia calophylla) and currently we consider this to be an introduced species.
Recent outbreaks of the damping-off disease of young eucalypt seedlings, caused by P. boodjera, have raised new concerns about the risk of Phytophthora species in plant production nurseries in WA. The dispersal of Phytophthora areas may result in serious threats to biodiversity in natural ecosystems in these areas. 
